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ABSTRACT: Templated assembly of cylindrical block
copolymers provides a promising strategy for patterning
holes at the nanoscale. However, remaining challenges
include the ability to achieve defect-free patterns and to
generate architectures useful for device patterning. The aim
of this work is to gain insight into the in�uence of
homopolymer addition on the assembly of a cylindrical
block copolymer in con�ned space. To do so, a concerted
examination that relies on experiments and simulations is
carried out for di�erent block copolymer/homopolymer
blends. It is shown that by adding a majority block
homopolymer with low molecular weight (compared to the
blocks that make up the block copolymer), the pattern
quality is signi�cantly improved and a larger defect-free window is obtained in terms of template dimensions for two-hole
features in elliptical con�nements. The redistribution of the homopolymer chains e�ectively enables the assembly of two
cylinders, despite the geometrical mismatch between the elliptical shape of the con�nement and the natural hexagonal
ordering of the unguided block copolymer. Monte Carlo simulations show that the homopolymer segregates to the spaces
in the template that are entropically unfavorable for the block copolymer. This work serves to highlight the importance of
optimizing block copolymer formulation.
KEYWORDS: directed self-assembly, block copolymer, homopolymer, grapho-epitaxy, template, con�nement, blend

Directed self-assembly of block copolymers is an e�ective
strategy for the creation of nanoscale patterns and
devices.1�3 While numerous experimental articles have

been published on guiding the assembly of pure block copolymer
systems, reports of directed assembly of block copolymer/
homopolymer blends have been less common. Stoykovich et al.4
showed that blends of lamellae forming diblock copolymers and
homopolymers enable assembly of nonregular device-oriented
line structures on chemically nanopatterned substrates. In that
work, it was shown that redistribution of homopolymer
facilitates the defect-free assembly in locations where the domain
dimensions deviate substantially from those of the pure block
copolymer. In addition, several manuscripts have considered
undirected thin-�lm assemblies of diblock copolymer/homo-
polymer blends and have yielded insights into the morphological
behavior of blends and the distribution of homopolymer chains
within the copolymer domain.5�10 In particular, Chevalier et
al.11 showed that these mixtures exhibit interesting character-

istics, such as the ability to assemble into thicker defect-free �lms,
improved kinetics of defects annihilation, and larger grain sizes
compared to pure diblock copolymers. Finally, there are also
reports on enhancement of the (directed) self-assembly kinetics
of a block copolymer by blending in comparively short
copolymer chains.12�15

Although a limited number of reports exist,16�18 the in�uence
of homopolymer addition to a cylinder-forming diblock
copolymer on its assembly in a con�ned geometry has not
been systematically investigated. Such templated assembly, also
called grapho-epitaxy, is a process of considerable interest for the
semiconductor industry, as it is considered a potential solution
for patterning randomly distributed holes with size and
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periodicity beyond the reach of optical lithography.19�21 One of
the challenges in the implementation of this approach is to
achieve defect-free patterns and the ability to generate
architectures useful for device patterning.1 The use of feature
multiplication in the form of two-hole features (called doublets,
as illustrated in Figure 1), next to plain hole shrink structures

(singlets), is required for this method to be advantageous.18,22,23

Bekaert et al. have shown that the template sidewalls should have
an a�nity for the majority block in order to be able to generate
su�ciently dense layouts for device manufacturing (as illustrated
in Figure 1).22 However, in earlier experimental work with
poly(styrene-block-methyl methacrylate) (PS-b-PMMA), we
have observed a smaller process window in terms of template
dimensions for doublets in elliptical templates with sidewall
a�nity for the majority block (PS), compared to doublets in
templates with sidewall a�nity for the minority block
(PMMA).24 This was hypothesized to be caused by a mismatch
between the natural hexagonal ordering of the block copolymer
and the elliptical geometry of the template, which causes an
entropic penalty due to local stretching and compression of
chains as visualized in Figure 1. In the case of a sidewall with
a�nity for PMMA, this mismatch is signi�cantly reduced by the
larger number of available chains. In addition, for singlets, the
circular geometry of the templates suits the natural chain
conformations and packing of a cylindrical block copolymer,
regardless of sidewall a�nity, and large process windows are
generally observed.

One way to address such issues is to generate peanut-shaped
templates that better match the natural ordering of the chains,
but, at these dimensions, this is not possible with 193 nm
immersion lithography and requires instead a process such as e-
beam or extreme ultraviolet lithography.25 In this work, we
present an alternative approach based on adjusting the block

copolymer formulation. We build on the same principles as those
reported in Stoykovich et al.4 (i.e., adding homopolymer to
enable directed assembly that deviates from the natural
ordering) and apply them to the templated assembly of a
cylindrical block copolymer. A systematic investigation is carried
out of the in�uence of homopolymer addition to a cylindrical
block copolymer on the self-assembly in a con�ned geometry. It
is shown that by adding majority block homopolymer with low
molecular weight compared to that of the blocks that make up
the copolymer, the pattern quality for doublets is signi�cantly
improved, and a substantially larger defect-free window is
achieved in terms of template dimensions.

RESULTS AND DISCUSSION
The block copolymer employed in this study is cylindrical PS-b-
PMMA, with molecular weight Mn = 66.5 kg mol�1 for PS and Mn

= 28.5 kg mol�1 for PMMA. Block copolymer/homopolymer
blends were prepared by adding PS homopolymer, with three
di�erent molecular weights and at di�erent loading rates. The
unguided domain spacing, L0, and cylinder diameter of these
blends are shown in Figure 2. It should be noted that for
cylindrical phase block copolymers, there exists ambiguity in the
literature regarding the de�nition of the domain spacing L0: It
may refer to either the center-to-center intercylinder distance or
to the row-to-row distance, which is equal to �3/2 times the
center-to-center value. We use the center-to-center distance, as
this is the relevant value for determining commensurate template
dimensions in the common grapho-epitaxy structures illustrated
in Figure 1.

Figure 1. Schematic illustration of arrangement of PS-b-PMMA
block copolymer chains inside singlet and doublet templates with
di�erent sidewall a�nity. The appropriate con�nement dimensions
for templates with a�nity for the majority block, PS, are signi�cantly
smaller, which allows for more dense patterns to be generated.

Figure 2. L0 (a) and PMMA cylinder diameter (b) of PS-b-PMMA
blended with PS homopolymer as a function of PS homopolymer
loading rate (in weight %) and molecular weight. L0 and cylinder
diameter were measured from SEM images of unguided assembly.
Experimental details can be found in the methods.

Figure 3. Schematic overview of the process �ow used for templated
assembly in this work.
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With increasing 66.5 kg mol�1 or 38 kg mol�1 PS
homopolymer content, L0 increases considerably due to
expansion of the PS domain, while the size of the PMMA
domain does not change signi�cantly for loading rates up to 10%.
The contrary is true for the lower molecular weight of 10 kg
mol�1, where L0 only slightly increases, but the PMMA domain
diameter shrinks signi�cantly upon addition of PS homopol-
ymer. This agrees with earlier �ndings from Hashimoto et al. and
Mayes et al.,6,8 who observed that when a homopolymer with
molecular weight comparable to that of the block is added to a
lamellar copolymer, the homopolymer is con�ned to the
corresponding copolymer domain, with a distribution that
peaks at the center of the domain. This results in an increase of
the domain spacing due to an expansion of the PS domain, while
the PMMA domain remains unchanged. In the case of
signi�cantly lower molecular weight, intermixing of the
homopolymer chains with the copolymer block is more
entropically favored, and the homopolymer is more uniformly
distributed within the domain. Swelling of the PS blocks by short
homopolymer chains now results in a larger average distance
between PS-PMMA junction points along the interface,
producing a shrink of the adjacent PMMA domains that helps
preserve a uniform density.

Figure 3 shows a schematic overview of the process �ow used
for templated assembly in this work. This �ow has been
discussed extensively before24 and is based on the fabrication of
templates consisting of spin-on-carbon (SOC) hard-mask
material through the use of conventional 193 nm immersion
lithography and dry etch techniques for patterning. Before the

block copolymer/homopolymer blend is applied, the surface
chemistry of the prepattern is tailored using a polymer brush. In
this work, two variations of surface modi�cation are used that
result in a nonpreferential bottom surface and sidewalls with
a�nity for PS and PMMA, respectively. Note that the di�erent
block copolymer/homopolymer blends are spin-coated at
identical �lm thickness (as measured on a wafer without
topography), but the resulting template �ll (i.e., the local �lm
thickness inside the topographic con�nement) may be di�erent
depending on the polymer mobility of the blend and the
template pattern density, that is, the percentage of area the
templates occupy. The closer the templates are packed together,
the higher the template pattern density and the lower the
resulting template �ll level.26 By inspecting �elds with di�erent
pattern density, the in�uence of template �ll on the resulting
morphology can be evaluated.

Figure 4 shows representative scanning electron microscope
(SEM) images of the assembly of pure PS-b-PMMA as well as
PS-b-PMMA blended with 10% of PS homopolymer of di�erent
molecular weights inside elliptical templates with sidewall
a�nity for PS. The pure PS-b-PMMA shows unstable assembly,
with defects such as deformed or (partly) parallel oriented
cylinders occurring predominantly. Upon addition of the
homopolymer with larger molecular weight (66.5 kg mol�1

and 38 kg mol�1), only minor improvements are observed.
This should be contrasted with the considerable improvements
that are obtained in pattern quality for the blend with 10 kg
mol�1 PS (Figure 4d). The presence of the short PS
homopolymer chains e�ectively relaxes the geometrical

Figure 4. Representative SEM images after PMMA removal of (a)
pure PS-b-PMMA and PS-b-PMMA with the addition of (b) 10%
66.5 kg mol�1 PS, (c) 10% 38 kg mol�1 PS, and (d) 10% 10 kg mol�1

PS inside elliptical templates with sidewall a�nity for PS and average
major × minor diameter 85 × 52 nm. Image size is 338 × 338 nm. A
larger �eld of view of the same images can be found in Figure S2 in
the Supporting Information.

Figure 5. Representative SEM images after PMMA removal of PS-b-
PMMA with the addition of (a) 5%, (b) 10%, (c) 15%, and (d) 20%
10 kg mol�1 PS inside elliptical templates with sidewall a�nity for PS
and average major × minor diameter 85 × 52 nm. Image size is 338 ×
338 nm. A larger �eld of view of the same images can be found in
Figure S4 in the Supporting Information.
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constraints placed on the block copolymer at the boundaries.
This enables the desired morphology consisting of two clearly
de�ned cylinders (which is not stable for the pure PS-b-PMMA
due to the high degree of local stretching and compression), as
illustrated in Figure 1. The available short homopolymer chains
can redistribute within the template and occupy the spaces that
are unfavorable for the block copolymer from an entropic
viewpoint. In addition, from the SEM signal intensity inside the
templates in Figure 4d, one can appreciate that the template �ll is
higher for the blend with 10% 10 kg mol�1 (line pro�les of the
SEM signal intensity can be found in Figure S1 in the Supporting
Information). This can be attributed to the lower molecular
weight homopolymer, which acts as a plasticizer by lowering the
glass transition temperature of the PS domain,27,28 and thus
increases the overall mobility of the polymer blend. As a result,
more transport of polymer material into the templates occurs
during the thermal anneal step. It should be noted that while
Figure 4 only shows results for a speci�c template size and
pattern density, a large range of template dimensions and pattern
densities were investigated in our experiments, without ever
observing a single defect-free image for the pure PS-b-PMMA or
blends with 66.5 kg mol�1 and 38 kg mol�1 homopolymer. A
more detailed discussion on the results with the blend with 10 kg
mol�1 will follow below.

To verify that the defective morphologies found for pure PS-b-
PMMA in Figure 4 are not a result of slower kinetics compared to
the blend with 10% 10 mol kg�1 PS, samples with increased
annealing times were also prepared. As the defective

morphologies persist for the longer annealing time without an
increase in the number of defect-free assemblies (SEM images
shown in Figure S3 in the Supporting Information), it can be
assumed that for pure PS-b-PMMA these defective states are at
least as stable as the desired morphology, within the practical
time scales for assembly.

Figure 5 shows SEM images of the assembly of PS-b-PMMA
blended with 10 kg mol�1 PS with increasing concentration of
the homopolymer in identical templates to those used in Figure
4.

An optimum in terms of assembly quality can be observed at
+10% 10 kg mol�1 PS. At a loading rate of 5%, many defects are
still observed, as there are not enough short PS chains available to
relax the geometric constraints. In addition, the assembly of
blends with higher loading rates shows a lot of closed or missing
holes. We hypothesize that, in this case, excess PS homopolymer
may segregate to the top surface (as also observed by Mayes et
al.6 for unguided assembly of lamellar PS-b-PMMA) thanks to its
lower surface energy29 and cause a skin layer on top of the
PMMA domains. The fact that not all holes are missing are
attributed to local variations in template dimensions and
resulting �ll level (which have been characterized before)26

due to the lithography and etch processes used to fabricate the
prepattern.

Figure 6 shows process windows for templates with sidewall
a�nity for PS using pure PS-b-PMMA as well as using the blend
with 10% 10 kg mol�1 PS. The process windows depict the area
of defect-free assembly for a given block copolymer-homopol-

Figure 6. Process windows for templates with a�nity for PS. (a) Process window for singlets with pure PS-b-PMMA as a function of template
diameter and pattern density. (b) Process window for singlets with PS-b-PMMA + 10% 10 kg mol�1 PS as a function of template diameter and
pattern density. (c) Process window for doublets with pure PS-b-PMMA as a function of template major and minor diameter. (d) Process
window for doublets with PS-b-PMMA + 10% 10 kg mol�1 PS as a function of template major and minor diameter. Green circles correspond to an
OHR > 95%, orange triangles correspond to 90% < OHR � 95%, and red squares correspond to an OHR � 90%.
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ymer blend, based on the open hole rate (OHR) after PMMA
removal, as judged from top-down SEM imaging. For singlets,
the process windows are plotted as a function of template
diameter and template pattern density. As mentioned earlier, by
inspecting �elds with di�erent pattern density, the in�uence of
template �ll on the resulting morphology can be evaluated. For
doublets, the process windows are plotted as a function of
template major and minor diameter (the same data plotted as a
function of template area and template pattern density can be
found in Figure S5 in the Supporting Information to evaluate the
in�uence of the template �ll). Regarding singlets, no signi�cant
di�erence in terms of process window size is observed between
pure PS-b-PMMA (Figure 6a) and PS-b-PMMA blended with
10% 10 kg mol�1 PS (Figure 6b). As the circular geometry of the
singlet templates matches the natural chain conformations and
packing of cylindrical PS-b-PMMA (as illustrated in Figure 1), it
does not impose any geometric frustration on the assembly, and
stable formation of perpendicular PMMA domains is possible
without addition of homopolymer. The center of the process
window at 48 nm or �1.3 × L0 approximately corresponds to the
1 × L0 scheme for singlets with sidewall a�nity for PS, as
illustrated in Figure 1. As the template dimensions listed are
measured in SOC, the con�nement further shrinks by �10 nm
due to the polymer brush used for surface modi�cation, although
the polymer brush may interdigitate with the block copolymer
and, as such, does not act as a hard boundary. In the
representative SEM images (Figure 7a,b) from the center of
the process window, it can be seen that while there is a big
contrast di�erence due to a di�erence in template �ll (line
pro�les of the SEM signal intensity can be found in Figure S6 in
the Supporting Information), similar cylindrical PMMA
domains are observed in each case.

Regarding doublets, as mentioned earlier, no defect-free
images are found for the pure PS-b-PMMA over a wide range of
elliptical templates (Figure 6c). On the other hand, a large
process window is observed for PS-b-PMMA blended with 10%
10 kg mol�1 PS (Figure 6d). The center of the process window
(at template major diameter �2.3 × L0) corresponds to the �2 ×
L0 scheme for doublets with sidewall a�nity for PS, as depicted
in Figure 1 (again taking the shrink caused by the polymer brush
into account).

It should be noted that only periodic arrays of singlets and
doublets are studied in this work, while an important possible
application for templated self-assembly of cylindrical block
copolymer is to generate aperiodic patterns commonly found in
layout of logic devices, using a combination of singlets and
doublets. In previous work,18 we have demonstrated the
simultaneous patterning of singlets and doublets in a
representative, aperiodic layout employing the same blend of
PS-b-PMMA with 10% 10 kg mol�1 PS.

Figure 8 shows process windows for templates with sidewall
a�nity for PMMA. Regarding singlets, consistent with the
process windows for templates with sidewall a�nity for PS, no
signi�cant di�erence in terms of process window size is observed
between pure PS-b-PMMA (Figure 8a) and PS-b-PMMA
blended with 10% 10 kg mol�1 PS (Figure 8b); this is due to
the circular geometry, which matches the natural chain
conformations of the cylindrical block copolymer. The center
of the process window (at template diameter �1.8 × L0)
corresponds roughly to the �2 × L0 scheme for singlets with
sidewall a�nity for PMMA, as illustrated in Figure 1. In the
representative SEM images (Figure 7c,d) from the center of the
process window, it can be seen in that almost identical cylindrical
PMMA domains are observed in each case. No di�erence in
template �ll level is observed between the pure PS-b-PMMA and
the blend with 10% 10 kg mol�1 PS. We hypothesize that for the
templates fabricated with this �ow, the polymer mobility on the
unpatterned area is already high for pure PS-b-PMMA (which is
apparent from the lack of polymeric material on top of this area),
and the plasticizing e�ect of the low molecular weight
homopolymer has little additional impact on the template �ll
level.

Concerning doublets, a sizable process window is observed for
pure PS-b-PMMA (Figure 8c) in templates with a�nity for
PMMA. In this case, the area of the template is three times larger
compared to the case for templates with a�nity for PS (see
Figure 1) and thus �ts �3 times as many polymer chains. As
schematically depicted in Figure 1, this has a signi�cant impact
on the packing frustration, as (compared to the situation with
sidewall a�nity for PS) there are no zones where the chains now
have to be strongly stretched or compressed, which are very
unfavorable from an entropic viewpoint. Still, the process
window for PS-b-PMMA blended with 10% 10 kg mol�1 PS
(Figure 8d) is signi�cantly larger. At the edges of the process
window, as the template geometry becomes less commensurate
with the natural packing, the pure PS-b-PMMA assembles into
less desired morphologies, such as doublets with a horizontal
bridge at the top (highlighted in Figure 9c), where stable
perpendicular cylinders are still observed for PS-b-PMMA
blended with 10% 10 kg mol�1 PS (Figure 9d). The center of the
process windows corresponds to the �3 × L0 scheme for
doublets with sidewall a�nity for PMMA, as illustrated in Figure
1.

In order to provide evidence that the improved assembly upon
PS homopolymer addition is caused by redistribution of

Figure 7. Representative SEM images after PMMA removal of (a, c)
pure PS-b-PMMA and (b, d) PS-b-PMMA + 10% 10 kg mol�1 PS
inside circular templates with (a, b) sidewall a�nity for PS and
average diameter 50 nm and (c, d) sidewall a�nity for PMMA and
average diameter 70 nm. Image size is 338 × 338 nm. A larger �eld of
view of the same images can be found in Figure S7 in the Supporting
Information.
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homopolymer chains, Monte Carlo (MC) simulations of the
blends considered in our experiments were performed using a
theoretically informed coarse-grained model.30 Figure 10 shows
several morphology diagrams for doublet assembly as a function
of template major and minor diameter, as determined by the MC
simulations. The simulation conditions are analogous to those
considered in the experimental process windows shown in
Figures 6 and 8. The simulated morphologies are grouped into
�ve main categories: separated doublets, bridged doublets,
missing cylinder(s), crescents, and elongated bars. A separated
doublet is the desired morphology and hence is labeled green in
Figure 10. While a bridged doublet is considered a nonideal
morphology, it may still be useful for patterning purposes, as it
likely results in two separate holes after a typical pattern transfer
process into an underlying layer. As such, it is marked in orange.
Missing cylinder(s), crescent-like shapes, and elongated bars are
marked red, as they are unlikely to be useful for patterning
purposes. Representative examples of each type of observed
morphology are shown in Figure 11.

In agreement with our experimental data, it can be seen in that
a stable separated doublet morphology is unlikely to result from
the pure block copolymer in templates with sidewall a�nity for
PS (Figure 10a). Furthermore, the larger open hole rates
observed experimentally for the blend with +10 kg mol�1 PS are
consistent with the simulated morphology diagram for this blend
(Figure 10b). The predicted range in terms of template

dimensions over which stable separated doublets corresponds
well with the experimental process window.

The experimentally observed widening of the process window
upon addition of homopolymer in templates with sidewall
a�nity for PMMA is also in agreement with data obtained
through simulations (Figure 10c,d). Furthermore, precisely as
shown experimentally in the SEM images (Figure 9c), the
bridged doublet morphology is often observed for the pure block
copolymer (Figure 10c). In contrast, the homopolymer/block
copolymer blend shows an increased number of separated
doublets (Figure 10d).

Small disagreements between the experimental results and the
MC simulations regarding the precise regions of good assembly
may be the result of kinetically trapped metastable structures.31

Areas where the simulations predict a defective state, but where a
good open hole rate is observed experimentally, are likely to
correspond to regions where the separated doublet morphology
is dominant in terms of probability, but where defective
metastable states arise along the assembly pathway, leading to
local free energy traps for a speci�c simulation trajectory. For
large numbers of assemblies, and with experimentally accessible
thermal annealing times, the experimental systems have in
general an opportunity to overcome the free energy barriers
associated with the metastable states. The opposite scenario,
where the simulation predicts a separated doublet, but the
experiments show reduced open hole rates due to kinetically
trapped states, is likewise possible. Note that the relevant

Figure 8. Process windows for templates with a�nity for PMMA. (a) Process window for singlets with pure PS-b-PMMA as a function of template
diameter and pattern density. (b) Process window for singlets with PS-b-PMMA + 10% 10 kg mol�1 PS as a function of template diameter and
pattern density. (c) Process window for doublets with pure PS-b-PMMA as a function of template major and minor diameter. (d) Process
window for doublets with PS-b-PMMA + 10% 10 kg mol�1 PS as a function of template major and minor diameter. Green circles correspond to an
OHR > 95%, orange triangles correspond to 90% < OHR � 95%, and red squares correspond to an OHR � 90%.
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pathways for assembly have been discussed in our previous work,
and they do reveal the appearance of local free energy minima
separated by free energy barriers.32 We additionally note that, in
the case of PMMA wetting sidewalls, there appears to be a
systematic shift in the process windows in terms of template
major diameter. The simulations predict the desired assembly to
occur in �10 nm larger templates than those observed
experimentally. We hypothesize that the simulations may
overestimate the thickness of the PMMA wetting layer at the
sidewall. This layer can be as thick as 8 nm in the simulations, but,
paradoxically, it is too thin in practice to be perceptible with
cross-sectional TEM methods.24,33 An overestimation of this
thickness e�ectively results in a shift toward larger con�nements
for the simulations.

Figure 12 serves to provide a better understanding of how the
homopolymer chains help stabilize the desired doublet
morphology. The homopolymer density in a template in which
the simulations predict a stable separated doublet is plotted using
a parameter � 2, which takes on the value of zero when the
density of the homopolymer in a grid cell is exactly the average
homopolymer density, and adopts values greater than zero when
it is larger than the average density. From this �gure, it becomes
clear that PS homopolymer preferentially segregates to the upper
and lower section of the elliptical templates�exactly the regions
where the block copolymer chains would need to be stretched to
�t the template.

CONCLUSIONS
The in�uence of PS homopolymer addition in templated
assembly of cylindrical PS-b-PMMA has been investigated
through a combination of experiments and simulations.

Considerably improved pattern quality and larger process
windows in terms of template dimensions for two-hole features
in elliptical templates can be achieved by adding PS
homopolymer of low molecular weight compared to that of
the blocks that make up the copolymer. The mismatch between
the natural hexagonal ordering of the block copolymer and the
elliptical geometry is e�ectively reduced by the redistribution of
the short homopolymer chains. MC simulations con�rm that the
homopolymer segregates to the spaces in the template that are
entropically unfavorable for the block copolymer. This e�ect is
more pronounced for a prepattern with sidewalls with a�nity for
PS. Since a circular template for one-hole features matches the
natural packing of a cylindrical block copolymer, it does not
impose any geometric frustration on the assembly. As a result,
there is no bene�t of homopolymer addition for these one-hole
features. This work underscores the importance of optimizing
block copolymer formulation. While the work herein was
focused on improving the pattern quality of templated assembly
of cylindrical block copolymers in elliptical templates, the same
general principles can be applied to a wide range of block
copolymers and geometries to create various patterns and
devices.

METHODS
Materials. Cylindrical phase poly(styrene-block-methyl methacry-

late) (PS-b-PMMA) with Mn = 66.5 kg mol�1 for PS and Mn = 28.5 kg
mol�1 for PMMA and PS homopolymer with Mn = 10 kg mol�1, Mn = 38
kg mol�1, and Mn = 66.5 kg mol�1 was synthesized by JSR Micro. The
PS-b-PMMA was blended with the di�erent PS homopolymers at
various weight % and dissolved in propyl glycol methyl ether acetate.

Guiding Template Fabrication Process. Guiding templates used
in work were fabricated on 300 mm silicon wafers as reported before24

and consist of a patterned spin-on-carbon layer, of which the surface
chemistry has been tailored for subsequent self-assembly. Flow #2 and
#3 (as previously described in detail)24 were used to fabricate templates
with a nonpreferential bottom surface and sidewalls with a�nity for
respectively PMMA and PS. Di�erent template dimensions and pattern
densities could be generated on the same wafer by varying lithographic
mask dimensions and exposure dose.

Grapho-Epitaxy-Directed Self-Assembly Process. Block co-
polymer coating and annealing was done on a Tokyo Electron Clean
Track Act 12. The block copolymer or blend was spin-coated from
solution and thermally annealed under a nitrogen atmosphere at 250 °C
for 5 min unless otherwise noted. The �lm thickness (as measured with a
KLA Tencor SCD-100 ellipsometer on a wafer without topography after
using an identical coating process) employed was 8.5 nm for templates
with a�nity for PS and 11 nm for templates with a�nity for PMMA. The
PMMA domains were removed by exposure to ultraviolet radiation
followed by an isopropyl alcohol rinse on a Tokyo Electron Clean Track
Lithius Pro Z.

Grapho-Epitaxy Characterization. Wafers were analyzed using a
Hitachi CG-5000 or CG-6300 top-down critical dimension scanning
electron microscope (CD-SEM). For measuring template dimensions,
SEM images with �eld of view of 675 nm × 675 nm were analyzed with
Robust Edge Detection (RED) software from Hitachi. All template
dimensions reported are measured prior to surface modi�cation of the
spin-on-carbon layer. While the polymer brushes applied for surface
modi�cation reduce the template diameter (as measured by CD-SEM)
by �6 nm (for �ow #2) and �10 nm (for �ow #3), these polymer
brushes can interdigitate with the block copolymer blend during self-
assembly and as such do not act as an absolute boundary for the
assembly. To determine the open hole rates reported in Figures 6 and 8,
SEM images with a �eld of view of 1.35 × 1.35 � m taken after PMMA
removal were manually inspected. When the correct number of open
holes were observed in a template without obvious deformations, this
was counted as an open hole. In case there were either missing, extra, or

Figure 9. Representative SEM images after PMMA removal of (a, c)
pure PS-b-PMMA and (b, d) PS-b-PMMA + 10% 10 kg mol�1 PS
inside elliptical templates with sidewall a�nity for PMMA and (a, b)
average major × minor diameter 110 × 67 nm, in the center of the
process window (PW) and (c, d) 106 × 62 nm, at the edge of the PW.
In (c), occurrences of the bridged doublet morphology are encircled.
Image size is 450 × 450 nm. A larger �eld of view of the same images
can be found in Figure S8 in the Supporting Information.
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deformed holes observed in a template, this was counted as a closed
hole.

Unguided Self-Assembly and Characterization. To determine
unguided center-to-center domain spacing L0 and PMMA domain
diameter of the di�erent samples used (Figure 2), the surface of a silicon
wafer was modi�ed with the same random copolymer brush as used for
�ow #2 (as described in ref 24) to promote perpendicular orientation.
Next, the block copolymer or blend was spin-coated from solution at a
�lm thickness of 15 nm and annealed under a nitrogen atmosphere at
250 °C for 5 min. To increase image contrast, the PMMA domains were
removed by exposure to ultraviolet radiation followed by an isopropyl
alcohol rinse. To measure L0 and PMMA cylinder diameter, SEM
images with �elds of view of 675 × 675 nm and 337 × 337 nm were
analyzed with RED software from Hitachi. Reported values are averages
of 16 images collected across the wafer.

Computational Simulations. The model used here is a
theoretically informed coarse grained (TICG) model, relying on
discretizing full block copolymer chains into n Gaussian chains of N
beads connected by springs.30,34,35 This model has previously been
shown to be in good agreement with experimental results.36,37 In this
model, the energy associated with the polymer bonds is expressed as
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where the sth bead on the ith chain has position r s( )i . Re is the end-to-
end distance of the polymer chains; typically, a unit system is adopted
for the simulations where the end-to-end distance is unity. Additionally,
kB is the Boltzmann constant. The nonbonded interactions consist of a

Flory�Huggins type interaction, quantifying the incompatibility
between the two types of monomers and a term relating to the �nite
compressibility of the melt. The energy associated with nonbonded
interactions is given as
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, the interdigitation number, is an estimate of the
number of chains a given chain interacts with ( 0� is the average bulk
number density of beads). The parameter � is the familiar Flory�
Huggins parameter, and 1� Š is proportional to the melt compressibility.
Each term r( )� is a function of the local density of each type of bead;
these densities are calculated by a particle-to-mesh scheme, where a grid
(each grid cell is a cube with side length L� ) is overlaid on the system
and each bead is assigned to its nearest grid (PM0). Full details of the
model are available in Detcheverry et al.30

The con�nement is modeled as hard walls; the sidewall and bottom
substrate interact with the polymer according to the term
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where K is the type of monomer bead; the term f x y K( , , )s adopts the
values of either �1 or +1, depending on the value of K and the position
of the bead. N� de�nes the strength of interaction between the surface
and the bead; when a bead of type A is in a position preferable to type B,
the overall energy contribution should be positive, and A B� = Š� .

Figure 10. Morphology diagrams for doublet assembly as a function of template major and minor diameter as determined by MC simulations. (a)
Morphology diagram for pure PS-b-PMMA in templates with sidewall a�nity for PS. (b) Morphology diagram for PS-b-PMMA + 10% 10 kg
mol�1 PS in templates with sidewall a�nity for PS. (c) Morphology diagram for pure PS-b-PMMA in templates with sidewall a�nity for PMMA.
(d) Morphology diagram for PS-b-PMMA + 10% 10 kg mol�1 PS in templates with sidewall a�nity for PMMA. Green stars correspond to
separated doublets, orange diamonds correspond to bridged doublets, and red markers correspond to defective morphologies such as missing
cylinder(s), crescents, and elongated bars. For sake of comparison, the experimentally determined process windows from Figures 6 and 8 are
depicted (dashed line rectangle).
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Lastly, z is the distance to the surface, and ds is the decay length of the
potential. Both the sidewall and the bottom surface contribute to a term
of this form, with each parameter adopting (potentially) unique values.
In this work, the value of � is set empirically by matching to the
experimental results N 0.5Š� = Š for PMMA-wetting and N 1.5� =
for PS-wetting. In all cases, N 0� = at the bottom surface. In order to
utilize the hard wall potential described above, one must approximate
the lateral hard wall as either being at the edge of the SOC dimensions (a
slight overestimation) or at the edge of the polymer brush layer used for
surface modi�cation (a slight underestimation). As previously
indicated, these polymer brushes will interdigitate with the block
copolymer blend during self-assembly and as such do not correspond to
the true con�nement accessible to the block copolymer for assembly.
For this reason, we have chosen to place the hard wall at the edge of the
SOC dimensions.

The model is implemented in the context of a MC simulation. A MC
cycle consists of either the attempted displacement of every bead or the
attempted reptation of every chain. In each case, the randomly proposed

positions are accepted with probability
�c

�e

�d�d�d�d�d�d�d�d

�f

�h

�g�g�g�g�g�g�g�g( )p min 1, exp E
k Tacc B
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Thus, the simulations done here are in the NVT ensemble.
In this work, the stable morphology obtained after 100,000 MC

cycles is represented. We note that, while the same names are used for
some morphologies obtained from both PS-wetting and PMMA-
wetting sidewall con�nements, they should be regarded as di�erent
morphologies, as in all cases in PMMA-wetting sidewall con�nements,
the walls are covered in a layer of PMMA, which is never the case for PS-
wetting sidewall con�nements. The morphology visualizations in Figure
10 are density �elds of an order parameter, � 1, calculated on a
discretized grid.
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This parameter takes the value of 1 for a pure PMMA grid cell, �1 for a
pure PS grid, and intermediate values for mixed regions. For clarity,
these representative images are portrayed in solid color, with blue
structures representing PMMA and the red background representing
PS. For Figure 12, another order parameter is de�ned to allow clear
visualization of the homopolymer density:
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This parameter takes on the value of 0 when the density of
homopolymer in a grid cell is exactly the average homopolymer density,
values below 0 when less than the average density, and values greater
than zero when greater than the average density.
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